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Resonant enhancement enables the discovery and delineation of spin-flip Raman scattering~SFRS! from free
or donor-bound electrons in diluted magnetic semiconductors containing 3d transition-metal ions at doping
concentrations. In such studies, the intrinsicg factor of the host, CdTe in the present case, has to be accounted
for accurately. The SFRS in CdTe yields the conduction band electrong factor of21.67660.007 and displays
two resonance peaks mediated by free and donor-bound excitons, respectively. Excitonic signature in modu-
lated reflectivity signals the successful formation of Cd12xVxTe as an alloy, whereas magnetization measure-
ments show vanadium ions incorporated as V21 with x;431024. SFRS of Cd12xVxTe displays vanadium
related SFRS shifts of a sign opposite to that of the host. This indicates a ferromagnetics-d exchange
interaction between thes-like conduction electrons and the 3d shell of V21 in Cd12xVxTe; from the linear
dependence of thes-d exchange energy as a function of magnetizationaN0, the s-d exchange constant is
deduced to be 28568 meV.
DOI: 10.1103/PhysRevB.69.035209 PACS number~s!: 78.30.Fs, 78.20.Ls, 71.70.Gm, 71.70.Ej
I. INTRODUCTION
Diluted magnetic semiconductors~DMS’s! are ternary
compounds in which the cation sites are partially and ran-
domly occupied by magnetic ions, for example, 3d
transition-metal ions~TMI’s !.1 Cd12xMnxTe, Ga12xMnxAs,
and Pb12xMnxTe are examples of II-VI, III-V, and IV-VI
DMS ternaries,1–3 respectively. Thanks to the exchange in-
teractions between the TMI’s as well as those between TMI’s
and band carriers, DMS’s display striking magnetic and
magneto-optic phenomena. To date, the most thoroughly in-
vestigated DMS’s are Mn-, Co- and Fe-based II-VI DMS’s in
view of the large concentration of the magnetic ions which
can be incorporated in bulk crystals; in CdTe, for example,
Mn, Co, and Fe can be introduced to concentration levels of
70%, 2%, and;4%, respectively. Since the 3d TMI’s in the
II-VI DMS’s are isoelectronic with the cations, except for the
distinctly magnetic 3d cores, they offer an outstanding op-
portunity to investigate magnetic phenomena with a variety
of experimental techniques and theoretical models. Cur-
rently, there is considerable interest in the study of III-V
based DMS’s with Mn~e.g., Ga12xMnxAs).
2 In these mate-
rials Mn21 ion, replacing substitutionally the group III cat-
ion, is simultaneously a magnetic constituent and a single
acceptor. This scenario sets the stage for solid-state electron-
ics in which both the charge and the spin of carriers—holes
in this case—are exploited, these ternaries then being re-
ferred to as spintronic semiconductors.4
While Mn-, Co-, and Fe based II-VI ternaries have at-
tracted the most attention, the DMS’s with other 3d TMI’s,
viz Sc, Ti, V, Cr, Ni, and Cu have been studied only to a
limited extent, because only doping concentrations of these
TMI’s can been incorporated. However, the distinct type of
magnetism displayed by each TMI is a strong motivation for
the study of these DMS’s, provided a suitable experimental
technique is exploited. Additional interest in Sc, Ti, V, and Cr
based DMS’s stems from theoretical predictions5 and pre-
liminary experimental indications6 that thep-d exchange in-
teraction in DMS’s with TMI’s with less than a half-filled 3d
shell is ferromagnetic, in striking contrast to its antiferro-
magnetic character in those with Mn21, Co21, and Fe21. It
is in this context that we have undertaken the growth and
magnetic and spectroscopic investigations of Cd12xVxTe.
Spin-flip Raman scattering~SFRS! from free electrons or
those bound to donors in the effective mass ground state is a
powerful tool in the study of the magnetic phenomena dis-
played by DMS’s.7 The SFRS shift in these cases equals the
Zeeman splitting of the conduction band and thus yields the
magnitude of thes-d exchange interaction between thed
electrons of the TMI’s and thes-like electrons of theG6
conduction band. In contrast, other magnetooptic techniques,
such as Faraday rotation, magnetoreflectance, and magneto-
luminescence, involve the combined Zeeman splitting of the
conduction and valence bands. In addition, the polarization
selection rules of SFRS provide unique signatures of the un-
derlying exchange interaction, whether it is ferromagnetic or
antiferromagnetic. Another advantage of SFRS is its superior
sensitivity and precision, especially desirable at low TMI
concentrations, for which excitonic Zeeman splittings are
small and the signatures observed in reflectivity and absorp-
tion tend to overlap. Further enhancement in SFRS sensitiv-
ity and precision can be achieved when the photon energy of
the exciting laser radiation (\vL) passes through the exci-
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tonic band gap of the semiconductor and the SFRS efficiency
is resonantly increased by orders of magnitude.
It is known that there are two contributions to the Zeeman
splitting of the conduction and valence bands in DMS’s@see,
for instance, Eq.~3.3! in Ref. 8#: ‘‘intrinsic,’’ i.e., band struc-
ture related, and that due to the exchange interactions. At
high TMI concentrations in wide band gap DMS’s, the ex-
change term totally dominates the Zeeman splitting, whereas
at low TMI concentrations, the two contributions become
comparable and one has to account for the intrinsic part in
order to extract thesp-d exchange interaction. At low TMI
concentrations one can closely approximate the intrinsic
properties of a DMS with those of the host material~e.g.,
CdTe is the host material for diluted magnetic
Cd12xMnxTe). The difference in the SFRS in a DMS and in
the host should yield thesp-d contribution with high preci-
sion.
In the present paper we report the SFRS results on CdTe
and Cd12xVxTe and their interpretation and analysis aided by
the characterization of the specimens with modulated reflec-
tivity and magnetization. The modulated reflectivity pro-
vided important information about alloy formation and band-
gap energy, while magnetization measurements enabled us to
extract the exchange constant from SFRS.
II. EXPERIMENT
Bulk crystals of CdTe and Cd12xVxTe studied in the
present investigation were grown by the modified vertical
Bridgman method. Samples were cleaved from the boules
perpendicular to@110#. Magnetization measurements on
Cd12xVxTe samples were performed, employing a Quantum
design MPMS XL7 superconducting quantum interference
device, in the temperature range from 2–300 K in a magnetic
field with the strength up to 70 kOe, the magnetic field being
perpendicular to the cleaved surfaces. Using wavelength
modulation, reflectivity spectra were obtained at low tem-
peratures without an external magnetic field.
Raman spectra were excited with radiation from a tunable
Ti:Sapphire laser pumped with a Ar1 laser. The laser photon
energy \vL was tuned into resonance with the excitonic
transitions of the samples. Special care was taken to prevent
local heating and the photoionization of V ions in
Cd12xVxTe by reducing the exciting radiation intensity until
the spectral position of the SFRS transition was no longer
affected; typical intensity did not exceed 2 W/cm2. The scat-
tered radiation was analyzed with a Spex double or, when a
greater stray light rejection is desired, a triple spectrometer
and detected using standard photon-counting electronics.
SFRS spectra were recorded in a 90° scattering geometry
with circularly polarized laser light incident along the direc-
tion of magnetic fieldẑ and the scattered radiation analyzed
with a linear polarizer along the magnetic field. The two
scattering polarization configurations, (ŝ1,ẑ) and (ŝ2,ẑ),
allow the SFRS polarization selection rules to be verified.
III. RESULTS AND DISCUSSION
A. CdTe
Figure 1 shows a part of the Raman spectrum of CdTe
recorded at 6 K and 60 kG near the photon energy of the
exciting laser line. A pair of ‘‘red’’ shifted~Stokes, S! and
‘‘blue’’ shifted ~anti-Stokes, AS! Raman lines is observed,
with the Raman shift independent of temperature over the
range 1.8–10 K and linear in magnetic field. The Raman
lines are attributed to the electron spin-flip Raman transition.
The SFRS shift in CdTe is given by
\vSFRS5g* mBB, ~1!
whereg* is the appropriateg factor,mB is the Bohr magne-
ton, andB is the magnetic induction. The least-squares linear
fit to the dependence of the SFRS shift onB yields ug* u
51.67660.007.
The sign of theg factor can be determined from the po-
larization features observed in a right-angle scattering geom-
etry schematically outlined in the inset of Fig. 2. With the
magnetic field along ẑ, ŝ15(1/A2)(x̂1 i ŷ) and ŝ2
5(1/A2)(x̂2 i ŷ), the circularly polarized incident radiation
of positive and negative helicities, respectively, and the scat-
tered radiation analyzed alongẑ yield the (ŝ1,ẑ) and (ŝ2,ẑ)
polarization configurations. A Stokes component much stron-
ger than the anti-Stokes is seen in (ŝ2,ẑ) ~Fig. 2!, whereas
in (ŝ1,ẑ) it is opposite. The appearance of the weak anti-
Stokes component in (ŝ2,ẑ) and that of the weak Stokes
component in (ŝ1,ẑ) are consequences of the small scatter-
ing volume probed in the near resonance condition, resulting
in unavoidable departures from the exact (ŝ6,ẑ) configura-
tions. Within this limitation, the distinctly stronger Stokes in
(ŝ2,ẑ) and anti-Stokes in (ŝ1,ẑ) are strong evidence for
ascribing a negative sign to theg factor.
We note thatg* 521.67660.007 is in excellent agree-
ment with 1.6800<ug* u<1.6808 for the conduction elec-
trons in CdTe obtained from a microwave electron para-
magnetic resonance~EPR! experiment9 and close to the
FIG. 1. The Stokes~S! and anti-Stokes~AS! electron spin-flip
Raman transitions of CdTe recorded at 6 K and 60 kG.~kcps
[ kilocounts/s.!
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theoretical value of21.64 calculated by Willatzenet al.10 It
is equally noteworthy that Nakamuraet al.11 reported ag
factor of 21.5960.02 with optically detected electron spin
resonance, Oestreichet al.12 obtainedg* 521.65360.02 in
a spin quantum beats experiment, while Simmondset al.13
measuredg* 521.6 from the magnetoluminescence of an
exciton bound to a shallow donor. In contrast, an early elec-
tron SFRS experiment14 yielded a g factor 20.7460.03,
clearly inconsistent with the values obtained with the variety
of experimental techniques and the theoretical calculation.
A deviation of the electrong factors in semiconductors
from 12, the electrong factor in vacuum, is a well known
‘‘band structure’’ effect arising from the mixing of electronic
bands by the spin-orbit interaction. The effect is especially
striking in narrow-gap semiconductors, e.g., InSb15 and
Hg12xMnxTe,
16 in which the electrong factors reach values
as low as250. Although departure of the electrong factor in
CdTe from12 is not as dramatic as those in the narrow-gap
semiconductors, it unambiguously shows the importance of
the band structure effects even in wide-gap semiconductors.
In order to identify and delineate the electronic transitions
and the Raman mechanisms responsible for the electron
SFRS, we investigated the intensity of the Raman line as a
function of \vL and that of the scattered photon energy
(\vS). The resulting resonance profiles measured at 6 K and
60 kG are displayed in Fig. 3. Two distinct resonances for the
Stokes, as well as the anti-Stokes component, are clearly
visible. The stronger resonance peaks of both components
occur in the spectral range in which magnetoluminescence
lines due to recombination of an exciton bound to a shallow
neutral donor have been reported.17 We, therefore, attribute
them to a spin-flip Raman process mediated via an exciton
bound to a shallow neutral donor.18 Although the exact
chemical nature of the shallow donor has yet to be estab-
lished, the binding energy of the donor-bound exciton is con-
sistent with those measured for effective mass donors in
CdTe.19
On the basis of their spectral positions, which coincide
within the experimental uncertainties with the Zeeman tran-
sitions of free exciton observed in reflectivity,20 the weaker
resonance maxima in Fig. 3 can be attributed to a spin-flip
Raman process mediated via free excitonic levels. We note
that the zero-field free exciton energy measured in the
present study using the wavelength modulated reflectivity
~see Fig. 4! is 1.5966 eV consistent with the value reported
by Neumannet al.,21 whereas Dreybrodtet al.20 estimated
their zero-field exciton energy to be 1.5949 eV. Thus, mag-
netoreflectivity data of Dreybrodtet al. have to be shifted by
1.7 meV to higher energies to be consistent with the present
Raman resonance profiles.
The resonances are rather broad with a full width at the
half maximum of about 2 meV. Very close to the resonance
maxima the polarization selection rules are not strictly
obeyed, as noted by Oka and Cardona22 in ZnTe and by Scott
et al.23 in CdS.
The Raman process mediated via an exciton bound to a
neutral donor is depicted schematically in Fig. 5~a!. The ini-
tial and final states are the Zeeman components of the
ground state of the neutral donor (D). The intermediate state
is one of the Zeeman levels derived from the ground state of
an exciton bound (BX) to the neutral donor. Notice that the
Zeeman splitting ofBX is that of its hole, since its two
FIG. 2. Electron SFRS spectra of CdTe recorded in (ŝ1,ẑ) and
(ŝ2 ,ẑ) polarization configurations at 6 K and 60 kG. The inset
shows the scattering geometry; BS is a Babinet-Soleil compensator,
A, a linear analyzer.
FIG. 3. Resonance profiles of Stokes and Anti-Stokes compo-
nents of electron SFRS in CdTe as functions of~a! incident and~b!
scattered photon energies. Circles and squares are experimental
data. Solid curves are fits to the data using Eqs.~2! and~3!, yielding
energy positions of the resonance peaks.
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electrons have antiparallel spins in its lowest-energy state;
the ordering of the Zeeman levels is based on the positive
sign of theg factor of the hole.21,24 The Stokes transition in
this process occurs as follows: initially, the neutral donor is
in its u 12 &D state; the incidentŝ2 radiation couplesu
1
2 &D with
the u2 12 &BX excitonic state, while the scattered radiation with
polarization ẑ couplesu2 12 &BX with u2
1
2 &D , resulting in a
Stokes SFRS transition fromu 12 &D to u2
1
2 &D . The anti-
Stokes transition can be similarly described.
The differential scattering cross section for such two-step




' f 2S e2
mc2
D 2 vsv i ~\v i !2~E2\v i !21~G/2!2 . ~2!
Here, f is the oscillator strength of the transitionD→BX;
\v i , the incident photon energy;E, an energy of the transi-
tion D→BX ~e.g., E(u2 12 &BX)2E(u1/2&D) for the Stokes
transition!; andG, a phenomenological damping term.
Equation~2! implies a single ‘‘in-resonance’’ for the two-
step process when\v i equalsE. On the basis of the Zeeman
splittings in Fig. 5~a! one expects that the Stokes resonance
should occur at an incident photon energy higher than that
for the anti-Stokes, with a separation given byD2d, where
D andd are separations of the Zeeman levels of the neutral
donor and the neutral donor-bound exciton, respectively.
While the occurrence of the Stokes resonance peak at a
higher energy~1.59 412 eV! compared to that of anti-Stokes
resonance peak at a lower energy~1.59 354 eV! follows from
Fig. 3~a!, the experimentally observed separation of the reso-
nances is equal toD. We note that at 60 kG,d should be
;0.2 meV.21,24 With the typical width of the donor-bound
exciton level being;0.1 meV,19 it appears that the Zeeman
components of the bound exciton in Fig. 5~a! merge into a
single broad band, consistent with the observed separation of
the stronger SFRS resonances in Fig. 3~a!.
In analogy to the Raman-EPR transition of Mn21 in
Cd12xMnxTe,
26 one can ascribe the weaker resonances to a
three-step Raman process mediated via interband free exci-







netic sublevels of theG8 valence band~V! ~the ordering be-
ing that of the valence band electron! and the 2 12 ,
1
2
magnetic sublevels of theG6 conduction band (C). The ex-
citonic Zeeman levels are constructed from these valence and
conduction band sublevels with the Coulomb interaction be-
tween the electron and hole being taken into account appro-
priately. In the (ŝ2 ,ẑ) Stokes scattering configuration, the
three steps leading to the electron spin flip are:~i! the inci-
dent ŝ2 radiation couples theu
1
2 &V state with theu2
1
2 &C
state, ~ii ! an exchange interaction between the conduction
electron and a donor electron induces a mutual spin flip in
them; and~iii ! finally, the ẑ-polarized scattered radiation
couples theu 12 &C state with the originalu
1
2 &V state. In this
manner, the Stokes shift is associated with the spin flip of the
donor electron from itsu 12 &D initial to u2
1
2 &D final state. The
anti-Stokes spin-flip transition of the donor electronu2 12 &D
→u 12 &D achieved with (ŝ1 ,ẑ polarization can be similarly
described, but with the incident~scattered! transition origi-
nating ~terminating! at theu2 12 &V state.
Adapting Loudon’s theory for optical phonons,27 the dif-
ferential scattering cross section for Stokes component of
such a three-step process can be written as
ds
dV











FIG. 5. ~Color online!. Electron SFRS processes mediated via
~a! an exciton bound to a neutral donor and~b! a free exciton.
FIG. 4. Wavelength modulated reflectivity spectra of CdTe
~solid line! and Cd12xVxTe ~dashed line! at zero magnetic field.
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where the ellipsis represents five additional terms. In this
expression,Ĥex is the exchange interaction Hamiltonian be-
tween the electrons, superscriptsV, C, andD stand for va-
lence, conduction and donor states, respectively,nI andnS ,
numbers of incident and scattered photons, respectively, be-
fore the scattering process, andEX , an energy of an exci-
tonic Zeeman sublevel.
The two terms in the denominator of Eq.~3! should result
in an in-resonance and an out-resonance in the scattering
cross section. However, only one such resonance is observed
at the free exciton energy for the Stokes, as well as for the
anti-Stokes, a consequence of the coincidence of the in- and
out-resonance conditions; such a situation has been referred
to as adoubleresonance in the literature.28,29In order for this
double-resonance condition to be maintained independent of
H, the Zeeman splitting of the conduction band and that of
the donor electron must equal. For a shallow donor with
effective mass wave function such an equality is to be ex-
pected.
The Zeeman splitting scheme of the free exciton shown in
Fig. 5~b! implies that in-resonance of the Stokes transition
and that of the anti-Stokes should be separated byD1d,
whereas the separation of the corresponding out-resonances
will be D2d. While the relative spectral positions of the
weaker resonance maxima in Fig. 3 agree with the splitting
scheme, the separations of the in, as well as out, resonances
equal D. As in the case of the bound-exciton resonances
considered above, this can be explained by a smalld, which
results in an overlap of the valence band Zeeman levels, in
turn producing the observed separations of the weaker SFRS
resonances in Fig. 3.
The photoluminescence spectra from the CdTe samples
investigated displayed a strong peak at 1.5896 eV associated
with a recombination of an exciton bound to an anonymous
shallow neutral acceptor, while the series of peaks in the
range from 1.5930 to 1.5959 eV, usually attributed to the
recombination of an exciton bound to shallow neutral do-
nors, is absent.19 Hence, the electron SFRS observed in the
samples studied could very well originate from a steady-state
photoexcited population of neutral donors and/or conduction




In this section we report and discuss spin-flip Raman scat-
tering from shallow donors in Cd12xVxTe and its magnetic
field/temperature dependence analyzed in terms of magneti-
zation. In Fig. 4, the wavelength modulated reflectivity spec-
trum of CdTe is compared to that of a Cd12xVxTe specimen;
the 160.7-meV shift of the excitonic band gap of the latter
demonstrates that it is indeed a ternary alloy.
Substitutional vanadium on a Cd site in CdTe is an iso-
electronic impurity. When the two 4s electrons of
@Ar#3d34s2 electronic configuration complete the tetrahedral
bonds with the neighboring Te ions, the charge state of V is
V21. It has been reported that substitutional V introduces
deep donor and acceptor electronic states in II-VI DMS’s,31
the former arising from an electron contributed by the 3d
shell and the latter due to an electron accepted in it. The
position of the V21/V31-donor32 level has been
estimated33–35 to be in the range from ECB20.78 eV to
ECB20.67 eV, while the V
21/V1-acceptor level has been
determined36 to be at EVB11.0 eV (ECB and EVB are con-
duction band minimum and valence-band maximum ener-
gies, respectively!.
In CdTe, depending on the specific growth conditions,
native donors or native acceptors are known to occur;37 in
addition, inadvertently introduced chemical impurities can
also behave asresidualshallow donors~acceptors!.37 Under
these circumstances, V21 can be compensated to yield either
a V1 or a V31 charge state. Indeed, the microwave EPR
experiments on CdTe:V revealed38,39 the signature of V31
centers, which could be converted into that characteristic of
V21 with photon energies higher than 0.93 eV,35 whereas
Schwartzet al.39 and Slodowy and Baranowski40 measured
absorption spectra of CdTe:V which they attributed to the
internal transitions of V21.
In order to interpret the magnetic field~B! and tempera-
ture ~T! dependence of SFRS of an electron bound to a shal-
low donor in Cd12xVxTe, the charge state of V and its cor-
responding ground state~inclusive of crystal field, spin-orbit
coupling and possible Jahn-Teller effects! are significant.
Each of the charge states is expected to display a distinctive
magnetization with a characteristic dependence onB andT.
In the following we delineate the distinguishing features ex-
pected in the magnetic behavior of V31, V21, and V1. The
experimental results will allow us to identify the charge state
which accounts for them.
Villeret et al.41 have shown that the3F ground state of
V31 free ion is split into three levels3G2 ,
3G5, and
3G4 by
a tetrahedral crystal field~see Fig. 7 in Ref. 41! with the
orbital singlet3G2 as the ground state; to first order in spin-
orbit interaction, this level becomes the three-fold degenerate
G2^ G45G5 level. Zeeman splitting ofG5 is isotropic with a
g factor given by 21(32l/5D), wherel is a spin-orbit in-
teraction constant andD the crystal-field splitting parameter.
Thus, the low temperature magnetization associated with
V31 ions in the tetrahedral crystal field is expected to display
an isotropic paramagnetic behavior described by theB1 Bril-
louin function. Since the present study of Cd12xVxTe is lim-
ited to smallx, V ions are assumed to be well separated;
therefore, interactions between them can be neglected and
their magnetization well described by Brillouin functions,
rather than by modified Brillouin functions.
In contrast, the ground state of V21 ion in a tetrahedral
crystal field is an orbital triplet4G4 ~see Fig. 6 in Ref. 41!.
Such a state is known to be split by a Jahn-Teller distortion
which lifts ~partially or totally! the orbital degeneracy, result-
ing in the ground state being an orbital singlet4G2 with a
four-fold spin degeneracy.35 In the absence of a magnetic
field, the spin-orbit interaction further splits the ground state
into two Kramers doublets with spin projections61/2 and
63/2, respectively. Christmannet al.35 estimated the split-
ting to be in excess of 1 cm21. If the separation between the
Kramers doublets is sufficiently large, so that only the6 12
doublet need be considered, then the magnetization will be-
RESONANT ELECTRON SPIN-FLIP RAMAN . . . PHYSICAL REVIEW B69, 035209 ~2004!
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have as theB1/2 Brillouin function. However, if the separa-
tion is small, the magnetization will followB3/2.
We note that V1 ion has the same electronic configuration
as Cr21, therefore one expects them to have the same elec-
tronic energy structure in CdTe, hence the same type of mag-
netization. A theoretical model,42 with crystal-field effects
and Jahn-Teller distortion duly taken into account, predicts
the ground state of the Cr21 ion in the tetrahedral environ-
ment to be an orbital singlet with spin 2. This is further split
by spin-orbit and spin-spin interactions. Magnetic measure-
ments on Cd12xCrxTe have shown,
43 however, that the mag-
netization of Cr21 is isotropic with aB/T dependence char-
acteristic of the B2 Brillouin function. This behavior
indicates that the spin related splittings can be neglected.
Magnetization of the Cd12xVxTe sample, corrected for
the host diamagnetism, i.e., associated with V ions only
(Mm* ), is displayed in Fig. 6 in solid circles as a function of
magnetic field at four different temperatures,B being along
@110#. The low-field (,10 kG) magnetic susceptibilityx
5(Mm* /B) deduced from the data displays the characteristic
(C/T) Curie dependence~Fig. 7!, with C5(3.1686







At high magnetic fields and low temperatures, one ex-
pects all magnetic moments of magnetic ions to be oriented
along the external magnetic field, resulting in the saturation












The value forMSAT* estimated from Fig. 6 is 0.028 87
60.000 47 emu/g, yielding (S11)52.4560.08 from Eq.
~6!. This is in excellent agreement with the spin of the V21
charge state.
Furthermore, the magnetization data were fitted with the




B3/2S SigimBBkBT D , ~7!
wheregi5g(V
21)'2, theg factor of V21 ion in CdTe;Si
5S(V21)53/2, the spin of V21 ion; W(Cd12xVxTe)
'W(CdTe)5240 g/mole, the molar weight of the
Cd12xVxTe sample; herex, the V
21 molar concentration, is
the only fitting parameter. These fits yielded the same value
for x ('0.0004) for all the four temperatures. In contrast, fits
with B1/2, B1, andB2 Brillouin functions resulted in signifi-
cantly differing values ofx at different temperatures, with
discrepancies as large as 10%, 20%, and 40%, respectively,
and were qualitatively unsatisfactory. On this basis we con-
clude that the significant majority of the vanadium ions in
the Cd12xVxTe investigated are in the V
21 charge state. The
V21 concentration determined from the fits is 5.9
31018 cm23, several orders higher than typical concentra-
tions of the native defects and shallow chemical impurities
incorporated in the crystal during the growth.37 Under these
FIG. 6. Magnetization of Cd12xVxTe corrected for host diamag-
netism as a function of magnetic field at several temperatures. Solid
circles are experimental data, and lines, the least squaresB3/2 Bril-
louin function fits. The plot shows experimental temperatures and
V21 concentrations deduced from the fits. See text for details.
FIG. 7. (Mm* /B) vs (1/T) at low magnetic fields, whereMm* is
the magnetization due to V ions.
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circumstances, one indeed expects most of the V ions to be
in the V21 charge state, in agreement with the magnetization
measurements.
In Fig. 8 electron SFRS transitions in CdTe and
Cd12xVxTe, recorded at 1.8 K and 60 kG, are compared. The
apparent decrease in the Raman shift in the latter is due to a
strongs-d exchange interaction between thes-like conduc-
tion electrons and the 3d shell of V21 ions, present in
Cd12xVxTe, but not in CdTe.
Following Kossut,44 the exchange interaction Hamiltonian




whereJsd is thes-d exchange integral,r ands are the elec-
tron position and spin operators,Ri and Si are the
3d-transition metal ion position and spin operators, and the
summation is over all lattice sites occupied by the TMI’s.
A treatment of the band structure problem with the Hamil-
tonian given by Eq.~8! represents a theoretical challenge,
because the Hamiltonian does not posses the translational
symmetry of a perfect crystal. However, two approximations
considerably simplify the situation.~i! Due to the extended
nature of its wave function, the electron interacts with a large
number of TMI’s. Hence themolecular field approximation
can be invoked to replace the TMI spin operator with its
thermal and spatial average^^S&& taken over all the ions.~ii !
The summation of the exchange couplingJsd(r2Ri) over
the TMI sitesRi is replaced by a summation over all cation
sites multiplied by the TMI mole fractionx. Considering a
magnetically isotropic crystal in a magnetic field along, say,
the z axis, one getŝ ^Sx&&5^^Sy&&50 and ^^S&&5^^Sz&&.








over and above that due to the intrinsic electrong factor
given in Eq.~1!. In Eq. ~10!, N0 is the number of unit cells
per unit volume anda5^suJsdus& is thes-d exchange inte-
gral for the conduction electron. Hence, the net Zeeman
splitting of the conduction band minimum in Cd12xVxTe is
given by
DCB5g* mBB2xaN0^^Sz&&. ~11!











The second term in Eq.~13!, referred to ass-d exchange
energy, can be determined experimentally by measuringDCB
as a SFRS shift and assumingg* in Cd12xVxTe to be the
same as that in CdTe. The negativeg* together with the
smaller Raman shift for the V21 concentration in the speci-
men studied show that thes-d interaction in Cd12xVxTe is
ferromagnetic, i.e.,a is positive.
The s-d exchange energy determined from the electron
SFRS shifts is displayed as a function ofB/T in Fig. 9 with
B at 0°, 45°, or 90° with respect to~110!. Scatter in the data
could be due to a marginal anisotropy in thes-d exchange
energy and/or the inhomogeneous distribution of vanadium
ions; although further controlled experiments are needed to
differentiate the two, we note that the anisotropy in magne-
tization, and hence that of thes-d exchange interaction, for
V21 is not expected.35 The data exhibitB/T dependence
consistent with theB3/2 Brillouin function behavior charac-
FIG. 8. Electron SFRS spectra of CdTe and Cd12xVxTe.
FIG. 9. s-d exchange energy, deduced from electron SFRS for
three different crystallographic directions of the magnetic field as a
function of (B/T).
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teristic of Mm* in Cd12xVxTe. Figure 10 shows a plot of the
s-d exchange energy vsMm* . A linear least squares fit to the
data according to Eq.~13! yields aN05(28568) meV in
CdTe:V21 assuming g(V21)52 and W(Cd12xVxTe)
'W(CdTe)5240 g/mole.
IV. CONCLUSIONS
The rich variety in the magnetic behavior of the
3d-TMI’s, incorporated substitutionally on cation sites in the
II-VI semiconductors, originates in~i! the number of elec-
trons in the 3d shell,~ii ! effects of crystal field and spin-orbit
interaction, and~iii ! possible Jahn-Teller distortions. While
theoretical studies have addressed all of these, experimental
investigations have to contend with the severe limitation in
the solubility of the TMI’s in the II-VI DMS’s, with the
exception of Mn21. It is in this context that the competing
‘‘intrinsic,’’ band structure related, spin splittings of bands
and that produced by thesp-d exchange have to be delin-
eated with precision. Resonance enhancement of the Raman
signals, when the incident or scattered photons approach ex-
citonic transitions, provide an opportunity to extract the ex-
change contribution by comparing spin-flip Raman shifts in
the DMS and those in the host. In the present study this
approach has been successful for Cd12xVxTe with x as low
as 431024. Thes-d exchange constant for V21 deduced in
this manner is (28568) meV. This value is comparable with
those reported for the II-VI telluride, selenide, and sulfide
based DMS’s.46
The nature of the resonance enhancement, which emerged
in the course of the investigation, exposed the role of the
electronic levels of free and donor-bound excitons as inter-
mediate levels in the spin-flip Raman process. In the specific
case of free exciton mediated SFRS, the condition for in- and
out-resonance is simultaneously fulfilled, with a resultant im-
pressive enhancement, often referred to as double resonance.
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